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ABSTRACT 
 
 
DIRECT AND INDIRECT EFFECTS OF CLIMATE ON BIRD ABUNDANCE 
ALONG ELEVATION GRADIENTS IN THE NORTHERN APPALACHIANS 
 
 
SEPTEMBER 2017  
 
TIMOTHY ROBERT DUCLOS, B.S., UNIVERSTIY OF VERMONT 
 
 
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
 
Directed by: Professor David I. King 
 
 
 
The stratification of bird species along elevational gradients is widely reported, 
with montane bird communities typically characterized by distinctive species occurring in 
relatively small and isolated populations; as such, these species are the subject of 
considerable interest to ecologists and conservationists. The stratification of species along 
elevation is largely attributed to compressed climatic zonation. Recent evidence that bird 
species are shifting up in elevation has fueled speculation that these species are tracking 
their climactic niches in response to climate change.  However, there is also evidence 
plant communities are shifting in elevation, presenting a potential additional mechanism 
explaining changes observed in the bird community. Uncertainty as to the degree to 
which climate directly influences bird abundance versus the degree to which climate 
indirectly influences bird abundance via habitat composition and structure represents a 
key impediment to understanding the ecology of these species in montane environments. 
To address this question I measured species abundance, habitat characteristics, and 
 viii 
temperature at 150 survey points located along 15 elevational transects in the Presidential 
Mountains of New Hampshire in the summers of 2014 and 2015. I used N-mixture 
models to correct for imperfect detection of species and structural equation models, 
incorporating abundance, habitat, temperature, and precipitation derived from a 
downscaled regional dataset to assign variation to the direct and indirect effects of 
climate upon birds. Analysis of 21 species revealed species-specific patterns on how 
climate exerts direct effects and indirect effects mediated by forest composition and 
structure on bird abundance.  This work represents an important contribution to the 
ecological understanding of the pathways by which climate influences bird abundance. 
Finding that 62% of species experience both direct and indirect effects of climate, with 
62% experiencing stronger direct than indirect effects, these results underscore the 
vulnerability of these species to climate change.  With 81% of species found to 
experience indirect effects of climate via forests, these findings indicate great 
conservation value of maintaining forest habitat amidst climate change. Overall, this 
information will facilitate the refinement of predictive models of the abundance of 
montane bird species and represents an approach that will advance future investigations 
of climate effects in the Northern Appalachians and other systems.
 ix 
TABLE OF CONTENTS 
 
                                              Page 
 
 
ACHNOWLEDGMENTS ...............................................................................................v 
ABSTRACT ................................................................................................................. vii 
LIST OF TABLES ........................................................................................................ xi 
LIST OF FIGURES ...................................................................................................... xii 
CHAPTER                                                                                                                                                                                                                                                                                                         
                                                                                                                                              
1. DIRECT AND INDIRECT EFFECTS OF CLIMATE ON BIRD ABUNDANCE 
ALONG ELEVATION GRADIENTS IN THE NORTHERN APPALACHIANS ...........1 
 
1.1 Introduction ....................................................................................................1 
1.2 Methods .........................................................................................................5 
1.2.1 Study Area and Site Selection ..........................................................5 
1.2.2 Bird Surveys ....................................................................................6 
1.2.3 Vegetation Surveys ..........................................................................7 
1.2.4 Temperature Monitoring ..................................................................8 
1.2.5 Precipitation Data ............................................................................8 
1.2.6 Statistical Analysis ...........................................................................9 
1.2.6.1 Avian Abundance; N-mixture Modeling ............................9 
 x 
1.2.6.2 Forest Structure and Composition; Data Preparation and 
Principal Component Analysis .................................................... 10 
1.2.6.3 Temperature Data ............................................................ 12 
1.2.6.4 Structural Equation Modeling .......................................... 13 
1.3 Results ......................................................................................................... 15 
1.3.1 N-mixture Models .......................................................................... 15 
1.3.2 Principal Component Analysis ....................................................... 16 
1.3.3 Temperature Data .......................................................................... 16 
1.3.4. Structural Equation Modeling ....................................................... 17 
1.4 Discussion .................................................................................................... 18 
1.4.1 Direct versus Indirect Effects of Climate ........................................ 18 
1.4.2 Implications of Direct and Indirect Effects of Climate .................... 22 
1.4.3 Management Implications .............................................................. 24 
BIBLIOGRAPHY ......................................................................................................... 43 
 
 
 xi 
LIST OF TABLES 
 
 
Table                                                                                                                               Page 
 
                                                                                                                              
1.  Summary statistics (mean ± SD) for 12 forest variables selected based upon 
measurement sufficiency criteria and subsequently used in PCA. .................... 26 
 
2.  Raw counts by species of all individuals detected via any method within  
50 m of point center among 300 point counts in 2014 and 450 point counts  
in 2015. ........................................................................................................... 27 
 
3.  Results of generalized multinomial mixture model selection; displaying top 
models based upon AIC considering all possible combinations of 8  
detection covariates including a null model where the detection parameter  
(p) was set at its intercept.  .............................................................................. 30 
 
4.  Generalized multinomial mixture model parameter estimates from  
respective top models, including estimates of mean detectability (p)  
for each species. .............................................................................................. 32 
 
5.  Results of multi-group SEM constraining factor loading (path coefficients)  
to equality between year 1 (2014; 100 sample sites) and year 2 (2015; 100 
replicates, 50 new). ......................................................................................... 37 
 
 
 xii 
LIST OF FIGURES 
 
 
Figure                                                                                                                             Page 
 
 
1.  Map of 15 elevational transects comprising 150 sample points located 
within the Presidential region of White Mountain National Forest,  
New Hampshire, USA. .................................................................................... 25 
 
2.  Structural equation model (SEM) of the hypothesized system. ........................... 31 
 
3.  Biplot of principal component analysis describing two predominant 
gradients of variation in structure and composition among 150 sample 
locations in the White Mountain National Forest, NH. .................................... 34 
 
4.  Model fit statistics and associated R2 values comparing performance of  
nested models constraining factor loadings to equality between sample 
years (constrained) to model solution allowing factor loadings to freely  
vary between years (unconstrained; 100 sites in 2014, 100 replicates 
plus 50 new in 2015).  ..................................................................................... 35 
 
5.  ANOVA test of multi-group invariance. ............................................................ 36 
 
6.  Results of multi-group SEM for ovenbird, found to experience both a direct 
effect of precipitation as well as concurrent indirect effects of temperature, 
via an asociation with the fir-mixed forest gradient, as well as an indirect  
effect of precipitation, via an association with the spruce-hardwood forest  
gradient, at the set alpha level (p ≤ 0.1). .......................................................... 38 
 
7.  Results of multi-group SEM for black-throated blue warbler, found to only 
experience the indirect effects of temperature via an assocation with the fir-
mixed forest gradient at the set alpha level (p ≤ 0.1). ....................................... 39 
 
8.  Results of multi-group SEM for Bicknell’s thrush, found to only 
experience the direct effects of precipitation at the set alpha level (p ≤ 0.1). .... 40 
 
9.  Number of species with significant effects (p ≤ 0.1) of temperature and/or 
precipitation via direct, indirect, or via concurrent direct and indirect effects 
of climate; results of multi-group SEM for 21 species with coefficient values 
constrained to equality between the two years. Of the 21 species,  
only HETH was found to not have significant direct or indirect effects of 
climate. ........................................................................................................... 41 
 
 
 xiii 
10. Cumulative absolute effects of climate via direct effects 
(red bars/pathway) and/or indirect effects via forest habitat 
(blue bars/pathway). ........................................................................................ 42
 1 
CHAPTER 1 
 
 
DIRECT AND INDIRECT EFFECTS OF CLIMATE ON BIRD ABUNDANCE 
ALONG ELEVATION GRADIENTS IN THE NORTHERN APPALACHIANS 
 
1.1 Introduction 
 Understanding factors determining a species niche, defined as the environmental 
space in which a species can occupy and prosper, is a central and longstanding focus of 
the field of ecology. Climate has long been posited as a key variable affecting geographic 
variation in plant and animal taxa (Grinnel 1917) with modern ecological investigations 
rapidly adding to the growing body of evidence of the complex role that climate plays in 
determining the space a species occupies or abounds (Brown et al. 1996, Pearson and 
Dawson 2003, Thuiller et al. 2005, Monahan 2009, Ralston et al. 2016).  
Montane regions are biological hotspots for many plant and animal taxa with 
above average species richness and strong patterns of species stratification across 
elevation (Brown et al. 1996, Cadena et al. 2012). The relatively rapid changes in 
environmental conditions across elevation, specifically that of climate, is centrally 
attributed to the patterns of species stratification in these areas (Cadena et al. 2012).  
The stratification of avian species across elevation is a well documented 
phenomenon in montane systems around the world (Kendeigh and Fawver 1981, Remsen 
1985, Ruggiero and Hawkins 2008, Cadena et al. 2012, Tingley et al. 2012, Price et al. 
2014, Londoño et al. 2016), including the Northern Appalachians (Able and Noon 1976, 
Sabo 1980, DeLuca 2013).  This stratification often involves the relegation of species to 
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spatially limited and geographically isolated areas (Cadena et al. 2012). The resulting 
high levels of specialization and endemism contributes greatly to regional biodiversity 
(Rahbek 1997, Rahbek et al. 2007, Ruggiero and Hawkins 2008, Cadena et al. 2012) and 
subsequently have high conservation value (Boyle and Martin 2015).  In the Northern 
Appalachians, birds occupying high-elevation spruce-fir forest represent a unique avian 
community not found in the surrounding lowlands (Able and Noon 1976), including the 
endemic Bicknell’s thrush (Catharus bicknelli; Lambert et al. 2005). The conservation of 
Northern Appalachian high elevation communities has been identified as a top priority by 
management agencies in the region (Publicover and Kimball 2011).  This classification is 
based on vulnerability to threats from global climate change (Rodenhouse et al. 2007) 
and competing and incompatible land use, such as poorly sited recreational infrastructure 
(i.e. hiking/skiing trails and overnight stay huts; Strong et al. 2002) as well as wind 
development (Parrish 2013). An understanding of the processes that drive the dynamics 
of these montane communities is critical for informing management prescriptions for 
conserving and protecting areas facing these environmental pressures (Brodie et al. 
2013).  
Recent changes in passerine distributions and abundances have been observed 
occurring across latitude and elevation in systems around the world (Parmesan and Yohe 
2003, Hickling et al. 2006, Parmesan 2006, Tingley et al. 2009, Auer and King 2014). In 
the Northeastern US, there is evidence that populations of high elevation montane bird 
species have been declining for decades (King et al. 2007, Lambert et al. 2008, Studds et 
al. 2012), including state-level extirpation of high elevation endemic species (Rimmer 
and McFarland 2013). Moreover, in the White Mountains, low elevation birds have been 
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shown to have shifted their range over 100 m upslope while high elevation birds have 
shifted there ranges downslope over the same 19 year period (DeLuca and King 2016).  
These changes in bird populations occur alongside decades of increasing 
temperature and precipitation associated with the regional effects of global climate 
change (Grant et al. 2005, Wright 2009, Seidel et al. 2009, Hamburg et al. 2013, IPCC 
2013). Specific to New Hampshire, annual maximum temperatures have gradually 
increased (between +0.10°F/decade and +0.14°F/decade) between 1895-2012.  Over this 
same time period, precipitation has increased (0.15in/decade), and days below freezing 
have decreased by two weeks leading to a 2-3 week advancement of spring (Hamburg et 
al. 2013). These trends closely approximate those detected at Pinkham Notch, located at 
the base of Mount Washington in the center of the Presidential region (Seidel et al. 2009). 
Consequently, climate change is suspected as a major driver underlying changes observed 
in bird populations and that of other taxa across North America (Walther et al. 2002, 
Parmesan and Yohe 2003, Leech and Crick 2007, Tingley et al. 2012, Tingley and 
Beissinger 2013), including the Northern Appalachians (Rodenhouse 1992, Rodenhouse 
et al. 2007).  There is also indication that the forest community is changing in this region 
(Beckage et al. 2008, Foster and D’Amato 2015), with evidence that the low elevation 
northern hardwood forests are moving up in elevation in many areas and high elevation 
spruce-fir forests are moving down in others (Foster and D’Amato 2015).  As such, it 
remains undetermined whether changes in climate directly or indirectly, via changes in 
forest structure and composition, are responsible for driving observed changes in avian 
abundance along elevational gradients.   
 4 
     Disentangling species direct and indirect associations with climate is extremely 
important given the strong potential for the future decoupling of current climate/forest 
conditions (Stralberg et al. 2015). It is often assumed that climate effects will be mediated 
by changes in the forest community given that vegetation composition and growth are in 
part determined by climate (Iverson et al. 2008, Matthews et al. 2011).  However, non-
climatic factors known to drive forest dynamics, such as soils (Lee et al. 2005) and 
disturbance (Rustad et al. 2012) will likely cause future climate and forest conditions in 
the Northeast to become decoupled due to the lagging response of forests to more rapidly 
occurring changes in climate (Iverson et al. 2004, 2008, Rustad et al. 2012, Stralberg et 
al. 2015).  Such a decoupling would have negative effects upon forest birds (Leech and 
Crick 2007, Stralberg et al. 2015) as well as undermine the assumptions underpinning 
many species distribution models (Guisan and Thuiller 2005, Araújo and Peterson 2012). 
While recent efforts have focused on describing the effects of in-situ climate and habitat 
upon bird occupancy (Frey et al. 2016a) and abundance (Elsen et al. 2016) along 
elevation gradients, the statistical methods employed in these studies do not account for 
indirect effects stemming from the causal relationship existent between climate and 
forests.  As such, this work does not effectively isolate the concurrent roles that climate 
and habitat have in affecting species abundance, instead relying on the assumption of 
independence between these predictors.  Due to the strong potential for differential rates 
of change in climate and of forest habitat conditions (Rustad et al. 2012), studies 
explicitly distinguishing the mode and degree of influence of climate upon montane 
songbird abundance, both directly as well as indirectly via the forest community, provide 
 5 
information critical to reducing the uncertainty associated with predictive models used to 
prescribe actions to conserve priority species in a changing climate. 
Given the regionally observed changes in climate, forests, bird abundance and 
distribution, the objective of this study was to investigate the degree to which the 
abundance of birds within Northern Appalachian montane forest are driven by the direct 
effect of climate (i.e. seasonal mean precipitation and/or temperature) as well as 
concurrent indirect effect of these climate variables mediated by gradients of forest 
structure and composition.  I investigate this hypothesized causal system in light of 
evidence that patterns of bird abundance along environmental gradients are well 
predicted by precipitation (Martin 2001, McCain and Colwell 2011, Tingley et al. 2012) 
and mean temperature (Tingley et al. 2012) as well as forest structure and composition 
(DeGraaf et al. 1998, Holmes and Sherry 2001, MacFaden and Capen 2002).  In turn, 
forest processes are known to be, in part, determined by climate (Iverson et al. 2008, 
Matthews et al. 2011, Rustad et al. 2012).  Here I develop and test a standard causal 
model (Grace 2006, Shipley 2016) for 21 avian species describing the relative influence 
of climate via these direct and indirect pathways on montane bird abundance within the 
Northern Appalachian mountains of the White Mountain National Forest of New 
Hampshire, USA.  
 
1.2 Methods 
1.2.1 Study Area and Site Selection 
 
I quantified in-situ bird abundance, ambient temperature, and forest structure and 
composition along elevational transects in the Presidential Region of the White Mountain 
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National Forest (N44°7' to N44°21' W71°27' to W71°14'; Figure 1).  10 locations were 
sampled along each of 10 transects in 2014. In 2015, locations along these 10 transects 
were resampled with the addition of 50 new locations across five new transects (150 total 
sample sites on 15 transects). Sample locations were systematically stratified across the 
transition from low-elevation northern hardwood forest into high-elevation boreal forest 
such that points were located at least 250 m apart along transects, and when possible, no 
greater than 100 m apart in elevation (Figure 1). The average elevation of the lowest 
sample location was 528 m (SD=88.74) and the average elevation of the highest sample 
location was 1219 m (SD=139.37).  Most points (N=137) were located along recreational 
hiking trails. A set of additional sample locations (N=13) were placed >75 m off of roads 
when necessary to complete the sampling of a full elevational gradient on a transect. 
  
1.2.2 Bird Surveys 
 
Bird abundance was quantified at each point by experienced observers using 
standard 10-minute point counts with a removal sampling design consisting of four 
independent 2.5-minute intervals across which new and repeat aural or visual detections 
of individual birds were recorded occurring within or beyond a 50 m radius of the point 
count plot center (Chandler et al. 2011). Previous research has shown birds in my study 
area are not affected by trails and thus trailside point counts is an effective means of 
sampling the bird community (DeLuca and King 2014). Surveys began 30 minutes before 
dawn and concluded within 5 hours of dawn. Survey conditions such as time of day, date, 
ambient temperature, observer, wind speed, cloud cover, and amount of ambient stream 
noise were recorded at the start of each survey.  Point count locations were surveyed 3 
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times during the peak of the avian breeding season between 1 June and 11th of July in 
2014 and 3rd of June and 27th June in 2015, totaling 750 individual point counts 
conducted across the two seasons. The first and last round of surveys along each transect 
were conducted in succession ascending in elevation while the second round of surveys 
occurred in reverse order.  Surveys were not conducted in high wind (>18mph) or heavy 
rain (>slight rain/drizzle; Deluca and King 2014).  
 
1.2.3 Vegetation Surveys 
 
I measured vegetation structure and composition within each 50 m radius point 
count plot using three concentric plots of 11.3 m, 5 m, and 1.8 m radii. Within the 11.3 m 
plot, which was centered on the point count location, I recorded the species and diameter 
at breast height (DBH; 1.37 m) of all individual trees with stems ≥8 cm DBH. Within the 
5 m radius plot I recorded counts of all woody species >0.5 m tall, classified as either live 
or dead, and binned into two size classes; “small” stems (≤2.5 cm diameter at 10 cm high) 
and “large” stems (>2.5 cm and <8 cm diameter at 10 cm high). Branching stems were 
counted as one stem when branching occurred >10 cm above ground and as two stems 
when branching occurred <10 cm above ground. On the 1.8 m plot I recorded counts of 
all woody stems >0.5 m tall, classified to species, and binned into the same two size 
classes defined for the 5 m radius plot.  The 1.8 m radius plot was centered within the 5 
m radius plot; stems counted within the 1.8 m plot were not resampled in the 5 m plot 
given the area of overlap.  For points located on trails the 5 m and 1.8 m radius plots were 
offset from the point count plot center by 5.65 m perpendicular from the trail in a 
direction chosen by a coin toss (Deluca and King 2014).  
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1.2.4 Temperature Monitoring 
 
In 2014 and 2015, ambient temperature was recorded at each point count location 
at a synchronized hourly frequency for the duration of the avian breeding cycle 
(approximately 1 June through mid-August) using iButton Thermocron® temperature 
data loggers (Maxim Integrated, San Jose, CA). Instruments were placed within a 
shielding apparatus affixed atop 1 m tall posts, oriented to the North, and located within 5 
m of the plot center for points on trails and exactly at plot centers for points located off 
trail (Brooks and Kyker-Snowman 2008, Lumpkin and Pearson 2013, Frey et al. 2016b).  
All loggers were checked routinely throughout the season; in the event a disturbed 
instrument, records in doubt were flagged as possibly containing measurement error and 
were later removed prior to analysis.  
 
1.2.5 Precipitation Data 
 
In the interest of accounting for the role of precipitation as a hypothetically 
important climate variable, I obtained 30 year mean (centered on 1995) sum growing 
season (May to Sept) precipitation values, derived from the PRISM dataset, statistically 
downscaled to 600 m cells and snapped to a 30 m grid (McGarigal et al. 2016).  I felt this 
mean value to be an acceptable approximation of trends in precipitation given both its use 
in prior investigations of avian-habitat relationships in the region (Matthews et al. 2011) 
as well as in consideration of evidence from the WMNF that precipitation trends have 
been more stable over this time period compared to temperature (Hamburg et al. 2013).  
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1.2.6 Statistical Analysis 
1.2.6.1 Avian Abundance; N-mixture Modeling 
 
 Twenty one passerine species were selected based on the criteria of being 
detected within the 50 m radius point count plot ≥ 5% of all 750 point count surveys 
conducted across 2014 and 2015. Fly-overs and birds detected outside of the plot were 
not included in the analysis.  Corrected abundance estimates , taking into account 
detection probability (p), for these 21 species were derived using generalized 
multinomial-mixture models (Chandler et al. 2011, Kery and Royle 2015).  A year term 
was specified on the state side of all candidate models to account for inter-year variation 
in population abundance.  The availability parameter ( ) was set at the model intercept 
for all candidate models, utilizing counts of new individuals detected across sub-intervals 
within primary survey periods to account for variation in detectability stemming from a 
process by which individuals temporarily immigrate and emigrate in and out of the 50 m 
radius plot across replicate surveys (Chandler et al. 2011). I used an all-subsets modeling 
approach and Akaike’s Information Criterion (AIC; Burnham and Anderson 2002) to 
assess for each species the most relevant combination of covariates affecting the 
probability of detection (p). Detection covariates for each point count survey included 
time of day (time), date of survey (date), individual surveyor (observer), cloud cover 
(sky), wind speed (wind), ambient temperature (temp_c) and ambient stream noise 
(stream). Top models were identified as those with the lowest AIC value relative to all 
other possible combinations of detection covariates including a null with the detection 
side of the model set at the intercept. The goodness of fit (GOF) of the top model for each 
species was evaluated by comparing the calculated summed square of residuals (SSE) of 
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the top model to those calculated from 500 bootstrap iterations. Top models whose SSE 
fell within the distribution of bootstrapped SSE values were deemed appropriately fit 
(Kery and Royle 2015).  A Poisson distribution was initially considered for the 
abundance parameter for all 21 species.  If a top model was found to not fit the data for 
any species based upon the bootstrapping procedure, the model selection process was re-
run for that species using a negative binomial distribution and GOF of resulting top 
models reevaluated as before.  The top model passing the GOF test for each species was 
then applied to the original observation data to predict a single corrected abundance 
estimate for each species, at each sample location, each year that location was sampled; 
corrected abundance values were then used in subsequent analysis.  Generalized 
multinomial-mixture models were fit using the gmultmix function from the unmarked 
package (Fiske and Chandler 2011) in R, version 3.2.2 (R Core Team 2015).  
 
1.2.6.2 Forest Structure and Composition; Data Preparation and Principal 
Component Analysis 
 
 I used principal component analysis (PCA) to parsimoniously describe two 
predominant gradients of forest structure and composition from a set of 12 forest 
variables (Table 1; McGarigal et al. 2013).  These 12 variables include species 
importance values as well as counts of individual trees binned within size classes for each 
sample location.  A species importance value, ranging from 0 to 1, represents the relative 
dominance of a given species on a plot with 1 indicating total dominance and 0 
representing non-existence; the value is calculated as a product of relative density by 
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species and relative basal area by species within each plot, derived as follows from the 
counts and measures of individual trees with ≥8 cm DBH occurring on the 11.3 m plot:  
Species importance value = (relative basal area of species per ha + relative 
density of species per ha)/2 
where 
 
relative basal area of species= individual species basal area per ha/total 
basal area per ha 
and 
 
relative density of a species per ha= count of individual species per 
ha/total count across all species per ha 
 
 
Counts of stems from the three vegetation plots (11.3 m, 5 m, and 1.8 m plots) were 
aggregated using size class definitions previously established as standard for wildlife 
investigations in the Northeast by DeGraaf and Yamasaki (2001):  
regenerating (regen) <1 cm DBH and >30 cm tall; sapling (sap) 2.5 - 9.9 
cm DBH; pole (pol) 10 - 22.0 cm DBH for softwoods or 10 - 30.0 cm 
DBH for hardwoods; sawtimber (saw) >22 cm DBH (softwoods) and 31 
cm DBH (hardwoods) and large sawtimber: >51 cm DBH (softwoods) 
>61 cm DBH (hardwoods).  
The 12 forest variables used in the PCA were selected from the full set of forest variables 
on the basis of the criteria that 1) species had respective importance values of >.25 at a 
frequency of >5% among the 150 sample sites and 2) size class variables, temporarily 
row standardized to relative proportions of each size class at the plot level, represented 
>.25 relative proportion of the size classes occurring on a plot at a frequency of >5% 
among 150 sample sites.  Measures failing to meet the above criteria represent relatively 
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rare characterizations of the vegetation community among my study plots rather than 
predominant gradients in forest structure and composition across the study area.  
I used Monte Carlo randomization with 1000 permutations to evaluate the 
significance of the eigenvalues of the first two principal component axis compared to 
those calculated under a null hypothesis. I then interpreted the biological meaning of the 
first two principal component axis based upon factor loadings of < -0.3 and > 0.3 
(McGarigal et al. 2013). The two principal component gradients produced by the PCA 
were then used in subsequent analysis.  The PCA was conducted using the prcomp 
function in the base package of R, version 3.2.2 (R Core Team 2015) and the Monte 
Carlo randomization using the ordi.monte function from the BIOSTATS package 
(McGarigal 2016), also in R.  
 
1.2.6.3 Temperature Data 
 
I calculated the mean hourly temperature at each sample location between June 
16th and July 31st in 2014 and 2015; the period of peak breeding activity for songbirds in 
the sample area. Prior to calculating mean seasonal temperature, I removed any records 
that were taken while a logger was suspected as being potentially compromised during 
deployment.  Mean temperature values calculated for each site, each year, were then used 
in subsequent analysis. 
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1.2.6.4 Structural Equation Modeling 
 
 I used a structural equation modelling (SEM) framework to evaluate the direct 
effects of climate (temperature and precipitation) upon the corrected abundance estimates 
of 21 forest birds, as well as concurrent indirect effects of climate mediated by forest 
structure and composition (Figure 2).  SEM, a multivariate form of linear regression, 
allows for the simultaneous parameterization of univariate relationships comprising direct 
effects as well as indirect effects comprised of multiple univariate relationships linked by 
mediating variables.  These mediating variables serve as both response variables in one 
univariate relationship and predictors in another, in total serving to evaluate the 
covariance structure comprising a hypothesized causal system while teasing apart and 
isolating direct and indirect effects (Shipley 2016).   
I used a multi-group form of SEM to test for significant differences in the system 
between the two years as well as produce estimates of direct and indirect effects 
constrained to equality between both years of data and from all sites.  Prior to fitting the 
SEM, I z-score standardized the corrected abundance estimates and the temperature and 
precipitation variables so as to place focus on relative values comprising predominant 
gradients within the system.  Prior to model fitting, I visually assessed linearity among 
variables comprising the SEM using scatter plot matrixes.   This revealed the need for a 
quadratic term to be added to the two climate predictors of the second principal 
component in order to address a lack of linearity in the response. Inspection of model 
parameters post fit revealed an improvement in significance of path values associated 
with the PC2 component, indicating the addition of the quadratic term was supported. I 
specified correlations between the two exogenous measures of climate to account for 
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possible collinearity between these variables (Shipley 2016).  Models were then fit using 
the Satorra-Bentler maximum likelihood test statistic, yielding scaled measures of model 
fit that are robust to deviations from multivariate normality (Satorra and Bentler 1994).  I 
used chi-square goodness-of-fit to assess the probability that the model fits the data given 
the hypothesized causal structure; with a significant probability (P ≤ 0.05) indicating a 
poorly fit model.  I used additional and commonly adopted measures to further assess the 
fit of each model; Comparative Fit Index (CFI) and Tucker-Lewis Index (TLI) values > 
0.95 indicate a good fit; Root Means Square Error of Approximation (RMSEA) values < 
0.07 also indicate a good fit with values close to/at zero indicating an excellent fit 
(Hooper et al. 2008).  These various fit measures, taken together, serve to evaluate the fit 
of SEM models with minimized sensitivity to possible deviations from linear regression 
assumptions (Shipley 2004).   Lastly, simulation shows that a sample size as large as 
mine (N ≥ 100) is enough to yield dependable parameter estimates (Shipley 2016).   
Standardized path coefficients calculated from appropriately fit models, representing the 
effects of interest, were deemed significant if associated with a p-value ≤ 0.1.  Indirect 
effect values were deemed significant if all path coefficients comprising an indirect 
pathway were individually significant with an associated p-value ≤ 0.1.  SEM’s were fit 
using the lavaan package in R, version 3.2.2 (Rosseel 2012, R Core Team 2015). 
For each species I compared the fit of the models where path values were 
constrained to equality between years (henceforth referred to as constrained model) to the 
fit of models where path values are freely estimated for each year respectively 
(henceforth referred to as unconstrained model).  This was done in order to evaluate the 
appropriateness of interpreting the path values calculated from a multi-group model 
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solution where paths are constrained to equality between years; effectively testing for the 
existence of a year effect upon the relationships of interest.  To further assess the level of 
variation that may exist between the two years due to the addition of 50 new sites, I also 
compared fits of constrained and unconstrained multi-group models parameterized from 
only the subset of 100 sites sampled both years. A first order indication of non-significant 
variation in relationships between the two years is identifiable by an improvement in 
model fit for constrained versus unconstrained models.  As a secondary evaluation, I used 
an analysis of variance (ANOVA) to compute a chi-square difference test comparing fit 
of constrained to unconstrained models, thus deriving a probability of invariance (i.e. null 
difference) in parameter values between year 1 and year 2, with a p-value > 0.05 
indicating a negligible level of variation in relationships (i.e. effects) of interest between 
each of the two years.  
 
1.3 Results 
1.3.1 N-mixture Models 
 
In total, observers recorded 8,463 individual detections of birds, of which 4,824 
were within 50 m of plot center.  Of those within 50 m of plot center, 2,475 individual 
detections of birds representing 47 species were made in 2014, and 2,349 individual 
detections of birds representing 51 species in 2015, of which 21 species had sufficient 
sample size for analysis (Table 2). Generalized multinomial mixture models using a 
Poisson distribution fit adequately for 19 species (with SSE values falling within the 
distribution of 500 bootstrapped SSE values; Table 3) and models using a negative 
binomial distribution fit adequately for the two remaining species.  Year was included in 
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top models for 14 of the 21 species, and top models for all species indicated variation in 
availability for detection. Of the eight detection covariates considered, all appeared in top 
models for one or more species (Table 3) with mean detection probability varying by 
species and year (Table 4). 
 
1.3.2 Principal Component Analysis 
 
Eigenvalues for the first two principal components were significant (p ≤ 0.0001), 
explaining 41% of variation in the data, and reflect two biologically interpretable 
gradients of forest structure and composition across the study area. The first principal 
component represents a gradient from high-elevation forest of medium DBH balsam fir 
mixed with paper birch to lower elevation forests characterized by small and large DBH 
red spruce, yellow birch, American beech and sugar maple (Figure 3).  The second 
principal component describes a gradient between red spruce dominated forest, 
intermixed regenerating stems and larger DBH trees, transitioning into a hardwood-
dominated forest comprised of sugar maple and American beech (Figure 3). 
     
1.3.3 Temperature Data 
 
I obtained 110,250 individual hourly temperature records from June 14th to July 
31st, 2014 (mean = 1102.5 ± 127.06 SD; 100 sample sites) and 171,494 from June 14th to 
July 31st, 2015 (mean = 1143.29 ± 93.14 SD; 150 sample sites).  Pairwise tests for the 
100 locations sampled both years revealed no difference in temperature readings between 
years (t =-2.2883-15, df = 99, P = 1.00). The mean, min, and max seasonal temperatures 
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recorded for the lowest elevation sites of each transect across both years was 16.43° C (± 
0.52 SD), 11.33° C (± 0.89 SD), and 21.6° C (± 1.39), respectively. The mean, min, and 
max seasonal temperatures recorded for the highest elevation sites across both years was 
13.43° C (± 0.85 SD), 9.25° C (± 0.87 SD), and 18.8° C (± 1.82 SD), respectively.  
 
1.3.4. Structural Equation Modeling 
 
For the majority of species (18 of 21) multi-group models fit the data well across all GOF 
measures considered (df= 18, p > 0.05, CFI > 0.95, TLI > 0.95, RMSEA <0.07; Hooper 
et al. 2008); for the remaining 3 species (MYWA, AMRE, and BTNW) models provided 
reduced but adequate fit when considering both GOF measures and path significance (p-
value ≤ 0.1; Figure 4; Grace et al. 2010). For the majority of species (12 of the 21 
species), constrained models provided a better fit than unconstrained models, providing a 
first order indication of stability in relationships of interest across the two years (Figure 
4).   The ANOVA test of invariance lent additional support to this finding, revealing the 
difference in model performance between constrained and unconstrained models to be 
non-significant (p-value ≥ 0.05) for all species except NAWA, WIWR and MYWA 
(Figure 5). However, for these three species, this variation was non-significant when 
models were run with data from just the 100 replicate sites (Figure 5)- indicating these 
results may not be due to variation in relationships of interest between years (i.e. a year 
effect) but rather an artifact of the addition of data from the 50 new sites in 2015 to the 
model (i.e. a site effect). Therefore, I deemed it appropriate to interpret the constrained 
SEM model results for all 21 species utilizing the full dataset. 
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Among all species, model solutions explained 3-57% of variation in avian 
abundance in 2014 and 3-61% in 2015 (Figure 4). Interpretation of SEM path 
coefficients, representing the direct and indirect effects of climate of interest, revealed 
that for the majority of species (20 out of 21), climate has a significant (p ≤ 0.1) effect on 
abundance, either via direct paths only, indirect paths only, or via both direct and indirect 
pathways (Table 5). Among all 21 species, 62% experience both direct and indirect 
effects of climate (ex: Figure 6) while 19% experience only indirect effects (ex: Figure 7) 
and 14% experience only direct effects (ex: Figure 8; Figure 9).  Precipitation and 
temperature were found to affect 52% of species in combination, via direct, indirect, or 
via both direct and indirect paths, whereas for the remaining 43% of species with 
significant effects, temperature or precipitation worked exclusively to affect species 
abundance via these paths (10% and 33% of total, respectively; Figure 9). Overall, for 
62% of species, climate imposed stronger direct effects than indirect effects via forest 
habitat (Figure 10). 
  
1.4 Discussion 
1.4.1 Direct versus Indirect Effects of Climate 
The findings from this study indicate that climate imposes both direct effects as 
well as indirect effects mediated by forest structure and composition upon bird species 
abundance in the Northern Appalachian Mountains, with 62% of 21 species found to 
experience such. To my knowledge this is the only study to explicitly examine the 
concurrent effects of climate upon species via a direct process as well as indirectly via a 
forest habitat process; reflecting a novel application of structural equation models 
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coupled with fine-resolution on-the ground data of detection-corrected bird abundance, 
forest conditions, and climate.   As such, these findings lend a new perspective on how 
forest-dwelling species may be vulnerable to the effects of climate change as well as 
presents a methodological framework of value to future investigations of complex causal 
ecological processes underpinning patterns of species abundance.   
This approach contrasts with the recent work by Frey et al. (2016a) from the 
Pacific Northwest, showing that gradients of vegetation structure and composition 
significantly correlate with within-season breeding occupancy of forest birds after 
statistically accounting for the role of forest microclimate. Similarly, the recent work of 
Elsen et al. (2016) demonstrates that gradients of temperature and forests, when modeled 
separately, each account for significant levels of variation in bird abundance along 
elevation in the Himalayas.  While these investigations, alongside those of similar larger-
scale studies in the Northeastern US (i.e. Rodenhouse et al. 2007, Matthews et al. 2011), 
seek to describe the role of climate and forests as independent predictors of species 
demographics, these investigations do not account for indirect effects stemming from the 
causal relationship existent between climate and forests. Thus, these studies do not fully 
disentangle the respective role that climate and forests have in affecting forest-dwelling 
species.  As such, the findings and methodological framework presented here improves 
upon such investigations, promising to reduce uncertainty associated with inferences of 
avian vulnerability to future changes in forest and climate. 
My findings that temperature imposes a direct effect upon the abundance of 10% 
of these 21 species is consistent with established evidence of the direct effects of 
temperature upon birds.  Temperature has been described as a significant predictor of 
 20 
breeding bird abundance (Elsen et al. 2016) and site occupancy (Frey et al. 2016a), as 
well as elevational shifts in avian distribution (Tingley et al. 2012) and abundance 
(Townsend et al. 2016). Mechanisms by which temperature influences such patterns 
include nest site selection (Martin 2001), nesting behavior (Conway and Martin 2000, 
Visser et al. 2009, Townsend et al. 2013), and reproductive success (Townsend et al. 
2013, Sherry et al. 2015). All these factors individually, and in combination, directly 
affect population demographics through energetic constraints (Leech and Crick 2007).   
Similarly, my findings that precipitation imposed a direct effect upon the 
abundance of 71% of these 21 montane species aligns with established evidence of the 
effects of precipitation upon forest birds. Changes in precipiation have been shown to 
correlate closely with down-slope elevational shifts in avian populations in the Sierra 
Nevada mountains (Tingley et al. 2012). Likewise, changes in precipitation patterns have 
been described as increasing the chances of population extirpation along elevation, 
especially for high elevation species (McCain and Colwell 2011), including those specific 
to the Northern Appalachians (Rodenhouse 1992). Precipitation has direct effects upon 
nest site selection along environmental gradients (Martin 2001), nest success and juvenile 
survival (Sherry et al. 2015) and in total affects population demographics by imposing 
energetic constraints associated with thermoregulation (Leech and Crick 2007).  
Given the close association found here between birds and forest conditions, the 
findings that temperature and precipitation impose indirect effects upon the abundance of 
81% of these species align with expectation based upon the described relationship 
between climate and forests (Siccama 1974). While the spatiotemporal scale at which 
forests respond to changes in climate is much greater than that of this two-year study, the 
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statistically significant correlations found here between climate and forests capture the 
existence of this relationship. The mean seasonal temperature values measured for my 
highest elevation sites closely match those previously reported for the balsam fir 
dominated high-elevation community in the Green mountains of Vermont and White 
Mountain region (Richardson et al. 2004).  The stratification of forest communities across 
elevation is attributed to temperature (Cogbill and White 1991) with bioclimatic model 
projections suggesting that high elevation spruce-fir forest communities are vulnerable to 
changes in mean growing season temperature (Iverson et al. 2008). Likewise, 
precipitation has been described as a significant factor defining the transition between 
hardwoods and mid-elevation red spruce dominated forest in the Northern Appalachians. 
This is largely due to the competitive advantage of red spruce which favors moist 
environments and is more frost hardy relative to hardwood species (Blum 1990, Cogbill 
and White 1991). These forest gradients, represented here by two principal component 
axis, concur with prior descriptions of changes in forest conditions occurring along 
elevation in the Northeast (Reiners and Lang 1979, Foster and Reiners 1983), including 
similar multivariate analysis describing such in the WMNF (Lee et al. 2005).  
While I found evidence of significant direct and/or indirect effects of climate 
upon the abundance of the majority (20 out of 21) of species I tested, the varyingly 
reduced SEM R2 values point to additional ecological processes that very well may 
further contribute toward explaining the patterns of abundance of these species (Shipley 
2016).  For example, prey availability determines patterns of avian abundance (Jones et 
al. 2003, Holmes 2011) as do nest predators (Thompson 2007, Sherry et al. 2015) and 
competition (Martin 1996, 2001, Freeman and Montgomery 2016).  Unaccounted 
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variability within the SEM could also reflect additional constraints/processes influencing 
the two forest gradients.  For example, soil conditions play a key role in determining tree 
species distributions along elevation in the WMNF (Lee et al. 2005), especially that of 
red spruce (Leak 1987). Other factors such as competition (Lenoir et al. 2010), disease 
(Castello et al. 1995), atmospheric deposition (Schaberg and DeHayes 2000, Battles et al. 
2003), and recovery from past land use/timber harvest (Kelty and D’Amato 2006) all 
interplay to impose varying influence upon forest dynamics in the Northern Appalachian 
forest (Rustad et al. 2012).     
   
1.4.2 Implications of Direct and Indirect Effects of Climate 
 
Bioclimatic model projections, predicting the response of species to climate 
change based on the shift of climactic conditions characterizing currently occupied sites 
(Langham et al. 2015) illustrate the potentially dramatic effects of climate change on 
species distributions. These model projections hinge upon the central assumption that 
species are influenced only by the direct effect of climate, yet fail to account for the 
concurrent, and potentially interactive, effects of climate and habitat on the abundance 
and distribution of species (Langham et al. 2015). My findings of concurrent direct and 
indirect effects of climate for many of theses species calls this assumption into question.  
Conversely, other investigations modeling the response of birds to climate change by 
projecting changes in their forested habitat in response to climate (ex: Matthews et al. 
2011) likewise contain inherent uncertainty by taking a broad-scale habitat perspective 
and by failing to account for the concurrent direct effects of climate upon birds.  The 
broad-scale predictive modeling efforts exemplified by Rodenhouse et al. (2007) 
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alongside that of the more recent and finer-resolution investigations of Frey et al. (2016a) 
and Elsen et al. (2016) present methodological frameworks focused on describing climate 
and forests as independent predictors of the response of avian species.  However, without 
taking into account the causal association existent between forests and climate, such 
predictions likewise contain uncertainty without having fully disentangled the direct and 
indirect effects of climate existent within the system.  
My findings provide novel evidence that bird abundance relates to climate 
through both direct pathways and indirect pathways mediated by forest habitat.  
Considering the relatively long-lived nature of forest and forest processes (Rustad et al. 
2012) compared to the much more rapid state of change observed and projected under 
anthropogenic climate change (IPCC 2013), a future decoupling of current forest-climate 
conditions in the Northeast is highly likely (Iverson et al. 2008, Stralberg et al. 2015, 
Rustad et al. 2012).  Such predictions align with historical records from the Northern 
Appalachians indicating that montane forests did not respond in sync to past changes in 
climate (Spear et al. 1994). For species sensitive to both climate and forest conditions, 
such a decoupling could have serious implications, potentially forcing species to occupy 
either marginal habitat or climactic conditions.  Additionally, given my findings that for 
the majority of species (62% of 21), direct effects were stronger than indirect effects, 
these results suggest such species may have a reduced capacity for resisting the effects of 
climate change.  For species more strongly affected by climate via forests, the long-lived 
nature of forests may provide a buffer for species from the projected rapid changes of 
climate.   
Additionally, these results provide evidence that predictive models must take into 
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account a more comprehensive and mechanistic causal process in order to derive more 
robust predictions of how changes in climate and forests may affect the future abundance 
of montane species in the Northeast.  For resource managers, the availability of such 
predictions is imperative in order to identify timely and effective management action 
necessary to best conserve and protect montane bird species in the future under the 
effects of climate change. 
 
1.4.3 Management Implications 
 
With 81% of these 21 species found to experience indirect effects of climate via 
forest conditions, these results reflect the importance of forest habitat for these species.  
While climate change is a force outside the direct control of any resource manager, these 
findings indicate that by promoting favorable forest conditions, managers have the 
opportunity to increase the capacity for species to adapt to the effects of climate change. 
As a next step, resource managers could work with ecologists to identify specific 
microhabitat features important for these species and in turn develop tools, such as 
species distribution models, with which to identify strategic management action and 
compatible human uses affecting the long-term persistence of bird species on the 
montane landscape.  
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Figure 1. Map of 15 elevational transects comprising 150 sample points located within 
the Presidential region of White Mountain National Forest, New Hampshire, USA. A 
subset of 100 points were sampled in 2014 and subsequently resampled in 2015 with the 
addition of 5 new transects representing 50 additional locations sampled only in 2015.  
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Table 1. Summary statistics (mean± SD) for 12 forest variables selected based upon measurement sufficiency criteria and 
subsequently used in PCA. Variables were derived from field measurements taken from 150 sample locations in the White 
Mountain National Forest in 2014 and 2015. 
Variable Abbreviation Mean ± SD 
Count of individual live stems in saw timber size classa saw 5.48 ± 4.02 
Count of individual live stems in pole timber size classa pol 44.21 ± 31.63 
Count of individual live stems in sapling size classa sap 21.63 ± 17.14 
Count of individual live stems in regenerating size classa regen 50.07 ± 42.58 
Importance value of balsam fir (Abies balsamea)b BFIR 0.27 ± 0.25 
Importance value of paper birch (Betula cordifolia) b PBIR 0.08 ± 0.11 
Importance value of red spruce (Picea rubens) b RSPR 0.14 ± 0.16 
Importance value of sugar maple (Acer saccharum) b SUMA 0.07 ± 0.16 
Importance value of yellow birch (Betula alleghaniensis) b YBIR 0.10 ± 0.15 
Importance value of American beech (Fagus grandifolia) b AMBE 0.04 ± 0.10 
Importance value of Eastern hemlock (Tsuga canadensis) b EAHE 0.01 ± 0.05 
Importance value of standing dead timber b SNAG 0.18 ± 0.11 
a Size class definitions standard for wildlife investigations according to DeGraaf and Yamasaki (2001)  
b Values between 0 and 1 representing the respective dominance of a species on a given plot.   
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Table 2. Raw counts by species of all individuals detected via any method within 50 m of 
point center among 300 point counts in 2014 and 450 point counts in 2015.  Species in 
boldface are those having sufficient sample size for analysis with > 5% uncorrected 
frequency of occurrence among all 750 surveys. 
Common Name  Code Scientific Name 2014 2015 
Alder Flycatcher ALFL Empidonax alnorum 1 2 
American Redstart AMRE Setophaga ruticilla 53 66 
American Robin AMRO Turdus migratorius 
 
3 5 
American Woodcock AMWO Scolopax minor 
 
1 0 
Black-and-white Warbler BAWW Mniotilta varia 
 
6 27 
Black-backed woodpecker BBWA Picoides arcticus 
 
0 1 
Bicknell’s Thrush 
 
BITH Catharus bicknelli 45 50 
Black-capped Chickadee 
 
(0(BCCH; Poecile atricapillus) 
BCCH Poecile atricapillus 
 
46 45 
Black-throated Blue Warbler 
 
BTBW Setophaga caerulescens 114 148 
Black-throated Green Warbler 
 
BTNW Setophaga virens 208 130 
Blackburnian Warbler 
 
BLBW Setophaga fusca 167 144 
Blackpoll Warbler 
 
BLPW Setophaga striata 291 337 
Blue-headed Vireo 
 
BHVI Vireo solitaries 31 36 
Blue Jay BLJA Cyanocitta cristata 
 
4 8 
Boreal Chickadee BOCH Poecile hudsonicus 
 
7 29 
Brown Creeper BRCR Certhia americana 
 
12 28 
Canada Warbler CAWA Cardellina canadensis 
 
9 10 
Cedar Waxwing CEDW Bombycilla cedrorum 
 
4 0 
Common Raven CORA Corvus corax 
 
0 1 
Common Yellowthroat COYE Geothlypis trichas 
 
0 2 
Chestnut-sided Warbler CSWA Setophaga pensylvanica 
 
0 2 
Dark-eyed Junco 
 
DEJU Junco hyemalis 100 114 
Eastern Phoebe EAPH Sayornis phoebe 
 
0 1 
Eastern Wood Pewee EAWP Contopus virens 
 
2 3 
Golden-crowned Kinglet 
 
GCKI Regulus satrapa 103 73 
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Common Name Code Scientific Name 2014 2015 
Gray Jay GRJA Perisoreus canadensis 
 
7 2 
Hairy Woodpecker HAWO Leuconotopicus villosus 
 
7 13 
Hermit Thrush 
 
HETH Catharus guttatus 42 62 
Least Flycatcher LEFL Empidonax minimus 
 
6 2 
Magnolia Warbler 
 
MAWA Setophaga magnolia 167 106 
Mourning Dove MODO Zenaida macroura 
 
1 0 
Nashville Warbler 
 
NAWA Oreothlypis ruficapilla 29 24 
Northern Flicker NOFL Colaptes auratus 
 
4 0 
Northern Parula NOPA Setophaga americana 
 
19 17 
Philadelphia Vireo  PHVI Vireo philadelphicus 
 
6 0 
Pine Siskin PISI Spinus pinus 
 
0 14 
Pine Warbler PIWA Setophaga pinus 
 
0 1 
Purple Finch PUFI Haemorhous purpureus 
 
10 15 
Ovenbird 
 
OVEN Seiurus aurocapilla 102 89 
Rose-breasted Grosbeak RBGR Pheucticus ludovicianus 
 
1 0 
Red-breasted Nuthatch 
 
RBNU Sitta canadensis 57 40 
Red Crossbill RECR Loxia curvirostra 
 
0 1 
Red-eyed Vireo 
 
REVI Vireo olivaceus 88 138 
Red-shouldered Hawk RSHA Buteo lineatus 
 
0 1 
Ruby-crowned Kinglet RCKI Regulus calendula 
 
4 28 
Ruby-throated Hummingbird RTHU Archilochus colubris 
 
0 1 
Ruffed Grouse RUGR Bonasa umbellus 
 
2 4 
Scarlet Tanager SCTA Piranga olivacea 
 
0 3 
Spruce Grouse SPGR Falcipennis canadensis 
 
1 0 
Swainson’s Thrush 
 
SWTH Catharus ustulatus 207 157 
Tennessee Warbler TEWA Leiothlypis peregrina 
 
0 3 
Veery VEER Catharus fuscescens 
 
1 1 
White-breasted Nuthatch WBNU Sitta carolinensis 
 
4 3 
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Common Name Code Scientific Name 2014 2015 
White-throated Sparrow 
 
WTSP Zonotrichia albicollis 91 48 
Winter Wren 
 
WIWR Troglodytes hiemalis 120 67 
Wood Thrush WOTH Hylocichla mustelina 
 
2 0 
Yellow-bellied Flycatcher 
 
YBFL Empidonax flaviventris 121 111 
Yellow-bellied Sapsucker YBSA Sphyrapicus varius 
 
6 13 
      Yellow-rumped Warbler 
 
MYWA Setophaga coronate 163 123 
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Table 3. Results of generalized multinomial mixture model selection; displaying top models based upon AIC considering all 
possible combinations of 8 detection covariates including a null model where the detection parameter (p) was set at its 
intercept. A year term was included for  in all models with the availability term (  set at the model intercept. Models were 
fit (Mix) with either a Poisson (P) or negative binomial (NB) distribution. The dispersion parameter ( ) is listed for the 
negative binomial distribution- bold type indicates that the associated 95% CI did not overlap with zero. 
Species Model Mix  K AIC Wi R
2 
AMRE year) ~ 1) ~ p(date + observer + wind) P  8 911.26 0.12 0.10 
BCCH year) ~ 1) ~ p(observer + sky + wind) P  8 800.83 0.12 0.06 
BHVI year) ~ 1) ~ p(observer + time + wind) P  8 622.76 0.07 0.05 
BITH year) ~ 1) ~ p(date + observer + stream + temp_c) NB -1.59 10 674.58 0.07 0.11 
BLBW year) ~ 1) ~ p(date + observer + temp_c + time + wind) P  10 1687.61 0.44 0.14 
BLPW year) ~ 1) ~ p(date) P  5 2388.12 0.09 0.03 
BTBW year) ~ 1) ~ p(date + temp_c + time + wind) P  8 1609.44 0.20 0.11 
BTNW year) ~ 1) ~ p(date + observer + wind) NB -0.19 9 1771.86 0.04 0.03 
DEJU year) ~ 1) ~ p(stream) P  5 1434.90 0.04 0.11 
GCKI year) ~ 1) ~ p(date + observer + sky + stream + time + wind) P  11 1232.46 0.36 0.18 
HETH year) ~ 1) ~ p(date + observer + sky + time + wind) P  10 762.18 0.23 0.28 
MAWA year) ~ 1) ~ p(date + stream + time + wind) P  8 1633.33 0.19 0.08 
MYWA year) ~ 1) ~ p(observer + sky + stream + temp_c + time) P  10 1736.37 0.13 0.11 
NAWA year) ~ 1) ~ p(sky + stream) P  6 487.43 0.09 0.05 
OVEN year) ~ 1) ~ p(date + stream + wind) P  7 1185.97 0.09 0.11 
RBNU year) ~ 1) ~ p(observer + stream + wind) P  8 822.98 0.16 0.13 
REVI year) ~ 1) ~ p(date + stream + temp_c + wind) P  8 1344.71 0.33 0.13 
SWTH year) ~ 1) ~ p(date + observer + stream + temp_c + time) P  10 2048.14 0.34 0.28 
WIWR year) ~ 1) ~ p(date + time + wind) P  7 1131.74 0.12 0.06 
WTSP year) ~ 1) ~ p(date + sky + stream) P  7 958.21 0.07 0.08 
YBFL year) ~ 1) ~ p(observer + stream + time + wind) P  9 1465.90 0.09 0.11 
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Figure 2. Structural equation model (SEM) of the hypothesized system. System consists 
of direct effects (red arrows) of mean seasonal precipitation and mean seasonal 
temperature upon detection-corrected measures of bird species abundance and concurrent 
indirect effects (blue arrows) of these same climate variables upon species abundance 
mediated by two principal components axes representing independent gradients of 
variation in forest structure and composition in the Northern Appalachian Presidential 
Mountains of the White Mountain National Forest of New Hampshire, USA.  
 
 
 
 
a Mean seasonal precipitation 
b Mean seasonal temperature 
c Principal component axis 1 
d Principal component axis 2 
e Detection corrected species abundance 
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Table 4. Generalized multinomial mixture model parameter estimates from respective top models, including estimates of mean 
detectability (p) for each species. Values include the availability parameter intercept ( .int), the abundance parameter intercept 
( ) with a value for the associated year term (Y), detection intercept (p.int) and eight detection covariates; date (D), 
observer (OBS1, OBS2, OBS3), sky (SK), stream (ST), temperature (T), time (TI) and wind (W).  Values in bold are 
significant based on associated 95 % CI not overlapping with zero.  Mean detectability (p) was calculated for each species, 
each year, by applying the top model to observation data to predict p for every survey each year (300 in 2014, 450 in 2015) and 
subsequently taking a mean of p from all surveys each year.  
Species Year p p.int .int 
 
Y OBS1 OBS2 
OBS
3 
D SK ST T TI W 
AMRE 2014 0.31 -48.16 -0.81 0.43 -0.05 -49.16 -1.85 0.97 2.89 - - - - -0.61 
AMRE 2015 0.34 -48.16 -0.81 0.43 -0.05 -49.16 -1.85 0.97 2.89 - - - - -0.61 
BCCH 2014 0.20 -0.01 -2.26 11.35 -0.73 -1.01 0.87 -1.60 - -0.60 - - - 0.61 
BCCH 2015 0.38 -0.01 -2.26 11.35 -0.73 -1.01 0.87 -1.60 - -0.60 - - - 0.61 
BHVI 2014 0.35 3.48 -1.90 0.59 -0.04 2.48 0.01 1.09 - - - - -18.32 -0.31 
BHVI 2015 0.25 3.48 -1.90 0.59 -0.04 2.48 0.01 1.09 - - - - -18.32 -0.31 
BITH 2014 0.42 57.95 -2.82 -5.04 0.44 56.95 -1.12 0.14 -3.49 - -1.70 -0.11 - - 
BITH 2015 0.12 57.95 -2.82 -5.04 0.44 56.95 -1.12 0.14 -3.49 - -1.70 -0.11 - - 
BLBW 2014 0.35 -40.65 -0.23 6.49 -0.43 -41.65 -1.69 0.48 2.53 - - 0.09 -9.19 -0.42 
BLBW 2015 0.33 -40.65 -0.23 6.49 -0.43 -41.65 -1.69 0.48 2.53 - - 0.09 -9.19 -0.42 
BLPW 2014 0.52 -20.58 0.39 4.14 -0.26 -21.58 - - 1.27 - - - - - 
BLPW 2015 0.63 -20.58 0.39 4.14 -0.26 -21.58 - - 1.27 - - - - - 
BTBW 2014 0.22 -64.69 -0.42 6.70 -0.45 -65.69 - - 3.89 - - 0.14 -5.19 -0.30 
BTBW 2015 0.41 -64.69 -0.42 6.70 -0.45 -65.69 - - 3.89 - - 0.14 -5.19 -0.30 
BTNW 2014 0.48 -23.48 -3.01 13.02 -0.73 -24.48 1.71 2.27 1.32 - - - - -0.31 
BTNW 2015 0.42 -23.48 -3.01 13.02 -0.73 -24.48 1.71 2.27 1.32 - - - - -0.31 
DEJU 2014 0.34 -0.46 -1.52 0.91 0.00 -1.46 - - - - -1.20 - - - 
DEJU 2015 0.24 -0.46 -1.52 0.91 0.00 -1.46 - - - - -1.20 - - - 
GCKI 2014 0.30 -50.48 -1.30 8.91 -0.58 -51.48 3.29 3.23 2.75 -0.44 -0.32 - 9.44 -0.49 
GCKI 2015 0.31 -50.48 -1.30 8.91 -0.58 -51.48 3.29 3.23 2.75 -0.44 -0.32 - 9.44 -0.49 
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Species Year p p.int .int  Y OBS1 OBS2 
OBS
3 
D SK ST T TI W 
HETH 2014 0.25 73.65 -1.22 -1.53 0.12 72.65 -0.14 -1.69 -3.97 -0.36 - - -30.08 -0.72 
HETH 2015 0.21 73.65 -1.22 -1.53 0.12 72.65 -0.14 -1.69 -3.97 -0.36 - - -30.08 -0.72 
MAWA 2014 0.38 -28.91 -0.84 14.57 -0.98 -29.91 - - 1.89 - -0.62 - -6.81 -0.27 
MAWA 2015 0.47 -28.91 -0.84 14.57 -0.98 -29.91 - - 1.89 - -0.62 - -6.81 -0.27 
MYWA 2014 0.36 -3.25 -1.70 7.09 -0.40 -4.25 0.26 1.09 - -0.21 -0.47 -0.06 9.71 - 
MYWA 2015 0.24 -3.25 -1.70 7.09 -0.40 -4.25 0.26 1.09 - -0.21 -0.47 -0.06 9.71 - 
NAWA 2014 0.33 0.00 -1.22 1.22 -0.13 -1.00 - - - -0.68 -1.05 - - - 
NAWA 2015 0.20 0.00 -1.22 1.22 -0.13 -1.00 - - - -0.68 -1.05 - - - 
OVEN 2014 0.36 -31.09 -0.32 9.08 -0.65 -32.09 - - 1.93 - -0.35 - - -0.87 
OVEN 2015 0.50 -31.09 -0.32 9.08 -0.65 -32.09 - - 1.93 - -0.35 - - -0.87 
RBNU 2014 0.18 -3.09 -2.89 3.56 -0.12 -4.09 1.50 2.14 - - -0.78 - - -0.43 
RBNU 2015 0.09 -3.09 -2.89 3.56 -0.12 -4.09 1.50 2.14 - - -0.78 - - -0.43 
REVI 2014 0.33 -113.72 -0.69 3.54 -0.24 -114.72 - - 6.86 - -0.90 0.17 - -0.56 
REVI 2015 0.62 -113.72 -0.69 3.54 -0.24 -114.72 - - 6.86 - -0.90 0.17 - -0.56 
SWTH 2014 0.31 -37.05 -1.69 8.79 -0.50 -38.05 -1.19 0.30 2.37 - -0.79 0.07 -12.56 - 
SWTH 2015 0.26 -37.05 -1.69 8.79 -0.50 -38.05 -1.19 0.30 2.37 - -0.79 0.07 -12.56 - 
WIWR 2014 0.58 -32.95 -1.03 14.00 -0.97 -33.95 - - 2.29 - - - -12.59 -0.39 
WIWR 2015 0.74 -32.95 -1.03 14.00 -0.97 -33.95 - - 2.29 - - - -12.59 -0.39 
WTSP 2014 0.27 -40.03 -0.21 13.21 -0.95 -41.03 - - 2.43 -0.36 -1.19 - - - 
WTSP 2015 0.30 -40.03 -0.21 13.21 -0.95 -41.03 - - 2.43 -0.36 -1.19 - - - 
YBFL 2014 0.36 1.95 -0.53 6.51 -0.44 0.95 -0.24 -0.92 - - -1.06 - -3.96 -0.32 
YBFL 2015 0.36 1.95 -0.53 6.51 -0.44 0.95 -0.24 -0.92 - - -1.06 - -3.96 -0.32 
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Figure 3. Biplot of principal component analysis describing two predominant gradients 
of variation in structure and composition among 150 sample locations in the White 
Mountain National Forest, NH.  Elevation (m) is overlaid so as to reveal how principal 
components correspond with elevation. Variable descriptions can be found in Table 1. 
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Figure 4. Model fit statistics and associated R2 values comparing performance of nested models constraining factor loadings to 
equality between sample years (constrained) to model solution allowing factor loadings to freely vary between years 
(unconstrained; 100 sites in 2014, 100 replicates plus 50 new in 2015).  Model fit metrics are scaled per the Satorra-Bentler 
adjustment, taking into account deviations from multivariate normality.  
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Figure 5. ANOVA test of multi-group invariance. Y axis (P-X2) is the probability of significant difference between path 
values (i.e. effects) calculated for year 1 and those calculated for year 2 based off of the ANOVA test of difference in chi-
square values for nested constrained (factor loadings constrained) and unconstrained (factor loadings unconstrained) models.  
Red bars (‘site effect’) represent probability of multi-group invariance when the full dataset is considered (100 sample sites 
year 1 and 100 replicates plus 50 new in year two) Blue bars (‘year effect’) represent probability of multi-group invariance 
when only considering the 100 sites sampled both years.  For each species, the difference between blue bars and red bars 
reveals the effect on probability of invariance of factor loading between years when adding the 50 sites to the analysis in year 
two. 
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Table 5. Results of multi-group SEM constraining factor loading (path coefficients) to equality between year 1 (2014; 100 
sample sites) and year 2 (2015; 100 replicates, 50 new).  Path coefficient values have been standardized and represent the 
strength and sign of the effect (Effects) of climate variables upon species abundances’ either directly (D) and/or indirectly (I) 
via one or both of the forest gradients (PC1, PC2).  Values in cells are standardized path coefficients alongside associated p-
value values in parentheses. Note that indirect effects are considered significant if all path coefficients comprising the indirect 
pathway are individually significant at the set alpha( .  Dashes (-) indicate a non-significant effect found for a given pathway 
at the set alpha( .   
Species Effects Direct Effect of  
Precipitation 
Direct Effect of  
Temperature 
Indirect Effect of 
Temperature via PC1 
Indirect Effect of 
Precipitation via PC2 
 
AMRE D 0.28 (0.009) 0.3 (0.012) - - 0.1 
BCCH I - - -0.17 (0.039) - 0.1 
BHVI D, I -0.24 (0.04) - - 0.05 (0.097) 0.1 
BITH D 0.26 (0.093) - - - 0.1 
BLBW I - - 0.27 (0.000) 0.05 (0.127) 0.1 
BLPW D, I 0.38 (0.000) - -0.32 (0.000) - 0.1 
BTBW I - - 0.23 (0.000) - 0.1 
BTNW D, I 0.25 (0.033) - 0.22 (0.002) 0.03 (0.205) 0.1 
DEJU I - - - 0.02 (0.13) 0.1 
GCKI D, I -0.18 (0.091) - - 0.09 (0.079) 0.1 
HETH - - - - - 0.1 
MAWA D, I - 0.31 (0.017) -0.29 (0.000) 0.07 (0.069) 0.1 
MYWA D, I 0.33 (0.012) 0.39 (0.007) -0.31 (0.000) 0.04 (0.067) 0.1 
NAWA D, I -0.37 (0.008) - - 0.05 (0.106) 0.1 
OVEN D, I -0.21 (0.006) - 0.23 (0.001) -0.07 (0.088) 0.1 
RBNU D, I -0.21 (0.052) - - 0.07 (0.08) 0.1 
REVI D, I -0.16 (0.067) - 0.38 (0.000) -0.08 (0.08) 0.1 
SWTH D, I 0.26 (0.037) - -0.15 (0.021) - 0.1 
WIWR D, I -0.29 (0.015) -0.22 (0.081) - 0.07 (0.085) 0.1 
WTSP D 0.3 (0.066) - - - 0.1 
YBFL D, I 0.24 (0.029) - -0.31 (0.000) - 0.1 
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Figure 6. Results of multi-group SEM for ovenbird, found to experience both a direct effect of precipitation as well as 
concurrent indirect effects of temperature, via an asociation with the fir-mixed forest gradient, as well as an indirect effect of 
precipitation, via an association with the spruce-hardwood forest gradient, at the set alpha level (p ≤ 0.1). 
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Figure 7. Results of multi-group SEM for black-throated blue warbler, found to only experience the indirect effects of 
temperature via an assocation with the fir-mixed forest gradient at the set alpha level (p ≤ 0.1). 
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Figure 8. Results of multi-group SEM for Bicknell’s thrush, found to only experience the direct effects of precipitation at the 
set alpha level (p ≤ 0.1). 
 41 
Figure 9. Number of species with significant effects (p ≤ 0.1) of temperature and/or precipitation via direct, indirect, or via 
concurrent direct and indirect effects of climate; results of multi-group SEM for 21 species with coefficient values constrained 
to equality between the two years. Of the 21 species, only HETH was found to not have significant direct or indirect effects of 
climate.   
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Figure 10.  Cumulative absolute effects of climate via direct effects (red bars/pathway) and/or indirect effects via forest habitat 
(blue bars/pathway).  
 
 43 
BIBLIOGRAPHY 
 
Able, K. P., and B. R. Noon. 1976. Avian Community Structure along Elevational 
Gradients in the Northeastern United States. Oecologia 26:275–294. 
 
Araújo, M. B., and A. T. Peterson. 2012. Uses and misuses of bioclimatic envelope 
modeling. Ecology 93:1527–1539. 
 
Auer, S. K., and D. I. King. 2014. Ecological and life-history traits explain recent 
boundary shifts in elevation and latitude of western North American songbirds. 
Global Ecology and Biogeography 23:867–875. 
 
Battles, J. J., T. J. Fahey, T. G. Siccama, and A. H. Johnson. 2003. Community and 
population dynamics of spruce–fir forests on Whiteface Mountain, New York: 
recent trends, 1985-–2000. Canadian Journal of Forest Research 33:54–63. 
 
Beckage, B., B. Osborne, D. G. Gavin, C. Pucko, T. Siccama, and T. Perkins. 2008. A 
rapid upward shift of a forest ecotone during 40 years of warming in the Green 
Mountains of Vermont. Proceedings of the National Academy of Sciences of the 
United States of America 105:4197–4202. 
 
Blum, B. 1990. Red spruce. Silvics of North America. 
 
Boyle, W. A., and K. Martin. 2015. The conservation value of high elevation habitats to 
North American migrant birds. Biological Conservation 192:461–476. 
 
Brodie, J. F., E. Post, and D. F. Doak. 2013. Wildlife Conservation in a Changing 
Climate. First. The University of Chicago Press. 
 
Brooks, R. T., and T. D. Kyker-Snowman. 2008. Forest floor temperature and relative 
humidity following timber harvesting in southern New England, USA. Forest 
Ecology and Management 254:65–73. 
 
Brown, J. H., G. C. Stevens, and D. M. Kaufman. 1996. The Geographic Range: Size, 
Shape, Boundaries, and Internal Structure. Annual Review of Ecology and 
Systematics 27:597–623. 
 
Burnham, K. P., and D. R. Anderson. 2002. Model Selection and Multimodel Inference: 
A Practical Information-Theoretic Approach (2nd ed). Page Ecological Modelling. 
 
Cadena, C. D., K. H. Kozak, J. P. Gomez, J. L. Parra, C. M. McCain, R. C. K. Bowie, A. 
C. Carnaval, C. Moritz, C. Rahbek, T. E. Roberts, N. J. Sanders, C. J. Schneider, J. 
VanDerWal, K. R. Zamudio, and C. H. Graham. 2012. Latitude, elevational climatic 
zonation and speciation in New World vertebrates. Proceedings of the Royal Society 
B: Biological Sciences 279:194–201. 
 
 44 
Castello, J. D., D. J. Leopold, and P. J. Smallidge. 1995. Pathogens, Patterns, and 
Processes in Forest Ecosystems. Bioscience 45:16–24. 
 
Chandler, R. B., J. A. Royle, and D. I. King. 2011. Inference about density and temporary 
emigration in unmarked populations. Ecology 95:794–794. 
 
Cogbill, C. V., and P. S. White. 1991. The latitude-elevation relationship for spruce-fir 
forest and treeline along the Appalachian mountain chain. Vegetatio 94:153–175. 
 
Conway, C. J., and T. E. Martin. 2000. Effects of Ambient Temperature on Avian 
Incubation Behavior. Behavioral Ecology 11:178–188. 
 
DeGraaf, R. M., J. B. Hestbeck, and M. Yamasaki. 1998. Associations between breeding 
bird abundance and stand structure in the White Mountains, New Hampshire and 
Maine, USA. Forest Ecology and Management 103:217–233. 
 
DeGraaf, R. M., and M. Yamasaki. 2001. New England Wildlife: Habitat, Natural 
History, and Distribution. University Press of New England. 
 
DeLuca, W. V. 2013. Ecology and Conservation of the Montane Forest Avian 
Community in Northeastern North America. University of Massachusetts Amherst. 
 
Deluca, W. V., and D. I. King. 2014. Influence of hiking trails on montane birds. Journal 
of Wildlife Management 78:494–502. 
 
DeLuca, W. V., and D. I. King. 2016. Montane birds shift downslope despite recent 
warming in the northern Appalachian Mountains. Journal of Ornithology:1–13. 
 
Elsen, P. R., M. W. Tingley, R. Kalyanaraman, K. Ramesh, and D. S. Wilcove. 2016. The 
role of competition, ecotones, and temperature in the elevational distribution of 
Himalayan birds. Ecology 98:337–348. 
 
Fiske, I. J., and R. B. Chandler. 2011. unmarked: An R package for fitting hierarchical 
models of wildlife occurrence and abundance. Journal of Statistical Software 43:1–
23. 
 
Foster, J. R., and A. W. D’Amato. 2015. Montane forest ecotones moved downslope in 
northeastern US in spite of warming between 1984 and 2011. Global Change 
Biology. 
 
Foster, J. R., and W. A. Reiners. 1983. Vegetation Patterns in a Virgin Subalpine Forest 
at Crawford Notch, White Mountains, New Hampshire. Bulletin of the Torrey 
Botanical Club 110:141. 
 
 
 
 45 
Freeman, B. G., and G. Montgomery. 2016. Interspecific aggression by the Swainson’s 
thrush (Catharus ustulatus) may limit the distribution of the threatened Bicknell’s 
thrush (Catharus bicknelli) in the Adirondack Mountains. The Condor 118:169–178. 
 
Frey, S. J. K., A. S. Hadley, M. G. Betts, and M. Robertson. 2016a. Microclimate 
predicts within-season distribution dynamics of montane forest birds. Diversity and 
Distributions 22:944–959. 
 
Frey, S. J. K., A. S. Hadley, S. L. Johnson, M. Schulze, J. A. Jones, and M. G. Betts. 
2016b. Spatial models reveal the microclimatic buffering capacity of old-growth 
forests. Science Advances 2:e1501392–e1501392. 
 
Grace, J. B. 2006. Structural Equation Modeling and Natural Systems. illustrate. 
Cambridge University Press. 
 
Grace, J. B., T. M. Anderson, H. Olff, and S. M. Scheiner. 2010. On the specification of 
structural equation models for ecological systems. Ecological Monographs 80:67–
87. 
 
Grant, A. N., A. A. P. Pszenny, and E. V. Fischer. 2005. The 1935-2003 air temperature 
record from the summit of Mount Washington, New Hampshire. Journal of Climate 
18:4445–4453. 
 
Grinnel, J. 1917. Field Tests of Theories Concerning Distributional Control Author ( s ): 
Joseph Grinnell Source : The American Naturalist , Vol . 51 , No . 602 ( Feb ., 1917 
), pp . 115-128 Published by : The University of Chicago Press for The American 
Society of Natural. The American Naturalist 51:115–128. 
 
Guisan, A., and W. Thuiller. 2005. Predicting species distribution: Offering more than 
simple habitat models. Ecology Letters 8:993–1009. 
 
Hamburg, S. P., M. A. Vadeboncoeur, A. D. Richardson, and A. S. Bailey. 2013. Climate 
change at the ecosystem scale: A 50-year record in New Hampshire. Climatic 
Change 116:457–477. 
 
Hickling, R., D. B. Roy, J. K. Hill, R. Fox, and C. D. Thomas. 2006. The distributions of 
a wide range of taxonomic groups are expanding polewards. Global Change Biology 
12:450–455. 
 
Holmes, R. T. 2011. Avian population and community processes in forest ecosystems: 
Long-term research in the Hubbard Brook Experimental Forest. Forest Ecology and 
Management 262:20–32. 
 
Holmes, R. T., and T. W. Sherry. 2001. Thirty-year bird population trends in an 
unfragmented temperate deciduous forest: importance of habitat change. The Auk 
118:589. 
 46 
Hooper, D., J. Coughlan, and M. Mullen. 2008. Structural Equation Modelling : 
Guidelines for Determining Model Fit Structural equation modelling : guidelines for 
determining model fit. Electronic Journal of Business Research Methods 6:53–60. 
 
IPCC. 2013. Climate Change 2013: The Physical Science Basis. Contribution of Working 
Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate 
Change. 
 
Iverson, L., A. Prasad, and S. Matthews. 2008. Modeling potential climate change 
impacts on the trees of the northeastern United States. Mitigation and Adaptation 
Strategies for Global Change 13:487–516. 
 
Iverson, L. R., M. W. Schwartz, and A. M. Prasad. 2004. How fast and far might tree 
species migrate under climate change in the eastern United States? Global Ecology 
and Biogeography 13:209–219. 
 
Jones, J., P. J. Doran, and R. T. Holmes. 2003. Climate and food synchronize regional 
forest bird abundances. Ecology 84:3024–3032. 
 
Kelty, M. J., and A. W. D’Amato. 2006. Historical perspective on diameter-limit cutting 
in northeastern forests. Pages 3–15In: Kenefic, Laura S.; Nyland, Ralph D. eds. 
Proceedings of the conference on diameter-limit cutting in northeastern forests.; 
2005 May 23-24; Amherst, MA. Gen. Tech. Rep. NE-341. Newtown Square, PA: 
U.S. Forest Service, Northeastern Research Station. 
 
Kendeigh, S. C., and B. J. Fawver. 1981. Breeding bird populations in the Great Smoky 
Mountains, Tennessee & North Carolina. Wilson Bulletin 93:218–242. 
 
Kery, M., and J. A. Royle. 2015. Applied Hierarchical Modeling in Ecology: Analysis of 
distribution, abundance and species richness in R and BUGS: Volume 1:Prelude and 
Static Models. Elsevier Science. 
 
King, D. I., J. D. Lambert, J. P. Buonaccorsi, and L. S. Prout. 2007. Avian population 
trends in the vulnerable montane forests of the Northern Appalachians, USA. 
Biodiversity and Conservation 17:2691–2700. 
 
Lambert, J. D., D. I. King, J. P. Buonaccorsi, and L. S. Prout. 2008. Decline of a New 
Hampshire Bicknell’s Thrush Population, 1993-2003. Northeastern Naturalist 
15:607–618. 
 
Lambert, J. D., K. P. McFarland, C. C. Rimmer, S. D. Faccio, and J. L. Atwood. 2005. A 
Practical Model of Bicknell’s Thrush Distribution in the Northeastern United States. 
 
Langham, G., J. Schuetz, C. Soykan, C. Wilsey, T. Auer, G. LeBaron, C. Sanchez, and T. 
Distler. 2015. Audubon’s Birds and Climate Change Report: A Primer for 
Practitioners. Page National Audubon Society, New York. New York, NY. 
 47 
Leak, W. 1987. Fifty years of compositional change in deciduous and coniferous forest 
types in New Hampshire. Canadian Journal of Forest Research 17:388–393. 
 
Lee, T. D., J. P. Barrett, and B. Hartman. 2005. Elevation, substrate, and the potential for 
climate-induced tree migration in the White Mountains, New Hampshire, USA. 
Forest Ecology and Management 212:75–91. 
 
Leech, D. I., and H. Q. P. Crick. 2007. Influence of climate change on the abundance, 
distribution and phenology of woodland bird species in temperate regions. Ibis 
149:128–145. 
 
Lenoir, J., J. C. Ggout, A. Guisan, P. Vittoz, T. Wohlgemuth, N. E. Zimmermann, S. 
Dullinger, H. Pauli, W. Willner, and J. C. Svenning. 2010. Going against the flow: 
Potential mechanisms for unexpected downslope range shifts in a warming climate. 
Ecography 33:295–303. 
 
Londoño, G. A., M. A. Chappell, J. E. Jankowski, and S. K. Robinson. 2016. Do 
thermoregulatory costs limit altitude distributions of Andean forest birds? 
Functional Ecology. 
 
Lumpkin, H. A., and S. M. Pearson. 2013. Effects of exurban development and 
temperature on bird species in the southern appalachians. Conservation Biology 
27:1069–1078. 
 
MacFaden, S. W., and D. E. Capen. 2002. Avian habitat relationships at multiple scales 
in a New England forest. Forest Science 48:243–253. 
 
Martin, T. E. 1996. Fitness costs of resource overlap among coexisting bird species. 
 
Martin, T. E. 2001. Abiotic vs. biotic influences on habitat selection of coexisting 
species: Climate change impacts? Ecology 82:175–188. 
 
Matthews, S. N., L. R. Iverson, A. M. Prasad, and M. P. Peters. 2011. Changes in 
potential habitat of 147 North American breeding bird species in response to 
redistribution of trees and climate following predicted climate change. Ecography 
34:933–945. 
 
McCain, C. M., and R. K. Colwell. 2011. Assessing the threat to montane biodiversity 
from discordant shifts in temperature and precipitation in a changing climate. 
Ecology letters 14:1236–45. 
 
McGarigal, K. 2016. BIOSTATS Documentation. Department of Environmental 
Conservation University of Massachusetts, Amherst. 
 
 
 
 48 
McGarigal, K., B. Compton, E. Plunkett, W. V. Deluca, and J. Grand. 2016. Designing 
sustainable landscapes: climate data. Report to the North Atlantic Conservation 
Cooperative, US Fish and Wildlife Service, Northeast Region. 
 
McGarigal, K., S. A. Cushman, and S. Stafford. 2013. Multivariate Statistics for Wildlife 
and Ecology Research. Springer New York. 
 
Monahan, W. B. 2009. A mechanistic niche model for measuring species’ distributional 
responses to seasonal temperature gradients. PloS one 4:e7921. 
 
Parmesan, C. 2006. Ecological and Evolutionary Responses to Recent Climate Change. 
Annual Review of Ecology, Evolution, and Systematics 37:637–669. 
 
Parmesan, C., and G. Yohe. 2003. A globally coherent fingerprint of climate change 
impacts across natural systems. Nature 421:37–42. 
 
Parrish, C. R. 2013. Impacts of Wind Development on the Abundance and Distribution of 
high-elevation birds in Northern New Hampshire, with a focus on Bicknell’s Thrush 
(Catharus bicknelli). Plymouth State University. 
 
Pearson, R. G., and T. P. Dawson. 2003. Predicting the impacts of climate change on the 
distribution of species: Are bioclimate envelope models useful? Global Ecology and 
Biogeography 12:361–371. 
 
Price, T. D., D. M. Hooper, C. D. Buchanan, U. S. Johansson, D. T. Tietze, P. Alström, 
U. Olsson, M. Ghosh-Harihar, F. Ishtiaq, S. K. Gupta, J. Martens, B. Harr, P. Singh, 
and D. Mohan. 2014. Niche filling slows the diversification of Himalayan songbirds. 
Nature 509:222–5. 
 
Publicover, D. A., and K. D. Kimball. 2011. HIGH-ELEVATION SPRUCE-FIR 
FOREST IN THE NORTHERN FOREST: AN ASSESSMENT OF ECOLOGICAL 
VALUE AND CONSERVATION PRIORITIES David A. Publicover and Kenneth 
D. Kimball 1:17. 
 
R Core Team. 2015. R: A language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. 
 
Rahbek, C. 1997. The relationship among area, elevation, and regional species richness in 
neotropical birds. The American naturalist 149:875–902. 
 
Rahbek, C., N. J. Gotelli, R. K. Colwell, G. L. Entsminger, T. F. L. V. B. Rangel, and G. 
R. Graves. 2007. Predicting continental-scale patterns of bird species richness with 
spatially explicit models. Proceedings. Biological sciences / The Royal Society 
274:165–174. 
 
 
 49 
Ralston, J., W. V. DeLuca, R. E. Feldman, and D. I. King. 2016. Realized climate niche 
breadth varies with population trend and distribution in North American birds. 
Global Ecology and Biogeography:1–8. 
 
Reiners, W. A., and G. E. Lang. 1979. Vegetational Patterns and Processes in the Balsam 
Fir Zone, White Mountains New Hampshire. Ecology 60:403. 
 
Remsen, J. 1985. Community Organization and Ecology of Birds of High Elevation 
Humid Forest of the Bolivian Andes COMMUNITY ORGANIZATION AND 
ECOLOGY OF BIRDS OF HIGH ELEVATION HUMID FOREST OF THE 
BOLIVIAN ANDES. Ornithological Monographs:733–756. 
 
Richardson, A. D., X. Lee, and A. J. Friedland. 2004. Microclimatology of treeline 
spruce-fir forests in mountains of the northeastern United States. Agricultural and 
Forest Meteorology 125:53–66. 
 
Rimmer, C. C., and K. P. Mcfarland. 2013. Bicknell’s Thrush: A Twenty-year 
Retrospective on the Northeast’s Most Vulnerable Songbird. Bird Observer 41:9–16. 
 
Rodenhouse, N. L. 1992. Potential Effects of Climatic Change on a Neotropical Migrant 
Landbird. Conservation Biology 6:263–272. 
 
Rodenhouse, N. L., S. N. Matthews, K. P. McFarland, J. D. Lambert, L. R. Iverson, A. 
Prasad, T. S. Sillett, and R. T. Holmes. 2007. Potential effects of climate change on 
birds of the Northeast. Mitigation and Adaptation Strategies for Global Change 
13:517–540. 
 
Rosseel, Y. 2012. lavaan : An R Package for Structural Equation Modeling. Journal of 
Statistical Software 48:1–36. 
 
Ruggiero, A., and B. Hawkins. 2008. Why do mountains support so many species of 
birds? Ecography 31:306–315. 
 
Rustad, L., J. Campbell, J. S. Dukes, T. Huntington, K. Fallon Lambert, J. Mohan, and N. 
Rodenhouse. 2012. Changing climate, changing forests: The impacts of climate 
change on forests of the northeastern United States and eastern Canada. Gen. Tech. 
Rep. NRS-99:48. 
 
Sabo, S. R. 1980. Niche and habitat relations in subalpine bird communities of the White 
Mountains of New Hampshire. Ecological monographs 50:241–259. 
 
Satorra, A., and P. M. Bentler. 1994. Corrections to test statistics and standard errors in 
covariance structure analysis. Pages 399–419Latent variables analysis: Applications 
for developmental research. 
 
 
 50 
Schaberg, P., and D. DeHayes. 2000. Physiological and environmental causes of freezing 
injury in red spruce. Responses of northern U.S. forests to environmental change SE  
- Ecological studies 139:181–227. 
 
Seidel, T. M., D. M. Weihrauch, K. D. Kimball, A. A. P. Pszenny, R. Soboleski, E. Crete, 
and G. Murray. 2009. Evidence of Climate Change Declines with Elevation Based 
on Temperature and Snow Records from 1930s to 2006 on Mount Washington, New 
Hampshire, U.S.A. Arctic, Antarctic, and Alpine Research 41:362–372. 
 
Sherry, T. W., S. Wilson, S. Hunter, and R. T. Holmes. 2015. Impacts of nest predators 
and weather on reproductive success and population limitation in a long-distance 
migratory songbird. Journal of Avian Biology 46:559–569. 
 
Shipley, B. 2004. Cause and Correlation in Biology A User ’ s Guide to Path Analysis, 
Structural Equations and Causal Inference. Page Cambridge University Press. 
 
Shipley, B. 2016. Cause and Correlation in Biology: A User’s Guide to Path Analysis, 
Structural Equations and Causal Inference with R. 2nd edition. Cambridge 
University Press. 
 
Siccama, T. 1974. Vegetation, soil, and climate on the Green Mountains of Vermont. 
Ecological Monographs 44:325–349. 
 
Spear, R., M. B. Davis, and L. Shane. 1994. Late Quaternary History of Low- and Mid-
Elevation Vegetation in the White Mountains of New Hampshire. Ecological 
Monographs 64:85–109. 
 
Stralberg, D., E. M. Bayne, S. G. Cumming, P. Sólymos, S. J. Song, and F. K. a. 
Schmiegelow. 2015. Conservation of future boreal forest bird communities 
considering lags in vegetation response to climate change: a modified refugia 
approach. Diversity and Distributions 21:1112–1128. 
 
Stralberg, D., D. Jongsomjit, C. a Howell, M. a Snyder, J. D. Alexander, J. a Wiens, and 
T. L. Root. 2009. Re-shuffling of species with climate disruption: a no-analog future 
for California birds? PloS one 4:e6825. 
 
Strong, A. M., C. C. Rimmer, K. P. McFarland, and K. Hagan. 2002. Effects of mountain 
resorts on wildlife. Page Vermont Law Review. 
 
Studds, C. E., K. P. McFarland, Y. Aubry, C. C. Rimmer, K. a. Hobson, P. P. Marra, and 
L. I. Wassenaar. 2012. Stable-hydrogen isotope measures of natal dispersal reflect 
observed population declines in a threatened migratory songbird. Diversity and 
Distributions 18:919–930. 
 
Thompson, F. R. 2007. Factors affecting nest predation on forest songbirds in North 
America. Ibis 149:98–109. 
 51 
Thuiller, W., S. Lavorel, and M. B. Araújo. 2005. Niche properties and geographical 
extent as predictors of species sensitivity to climate change. Global Ecology and 
Biogeography 14:347–357. 
 
Tingley, M. W., and S. R. Beissinger. 2013. Cryptic loss of montane avian richness and 
high community turnover over 100 years. Ecology 94:598–609. 
 
Tingley, M. W., M. S. Koo, C. Moritz, A. C. Rush, and S. R. Beissinger. 2012. The push 
and pull of climate change causes heterogeneous shifts in avian elevational ranges. 
Global Change Biology 18:3279–3290. 
 
Tingley, M. W., W. B. Monahan, S. R. Beissinger, and C. Moritz. 2009. Birds track their 
Grinnellian niche through a century of climate change. Proceedings of the National 
Academy of Sciences of the United States of America 106 Suppl:19637–19643. 
 
Townsend, A. K., E. G. Cooch, T. S. Sillett, N. L. Rodenhouse, R. T. Holmes, and M. S. 
Webster. 2016. The interacting effects of food, spring temperature, and global 
climate cycles on population dynamics of a migratory songbird. Global Change 
Biology 22:544–555. 
 
Townsend, A. K., T. S. Sillett, N. K. Lany, S. A. Kaiser, N. L. Rodenhouse, M. S. 
Webster, and R. T. Holmes. 2013. Warm Springs, Early Lay Dates, and Double 
Brooding in a North American Migratory Songbird, the Black-Throated Blue 
Warbler. PLoS ONE 8. 
 
Visser, M. E., L. J. M. Holleman, and S. P. Caro. 2009. Temperature has a causal effect 
on avian timing of reproduction. Proceedings. Biological sciences / The Royal 
Society 276:2323–2331. 
 
Walther, G.-R., E. Post, P. Convey, A. Menzel, C. Parmesan, T. J. Beebee, J.-M. 
Fromentin, O. HoeghGuldberg, and F. Bairlein. 2002. Ecological responses to recent 
climate change. Nature 416:389–395. 
 
Wright, W. A. 2009. Rising Temperature and Precipitation Trends on Mount Mansfield 
Summit. 
 
